Four chemically different bacteriochlorophylls (Bchls) a esterified with geranylgeraniol, dihydrogeranylgeraniol, tetrahydrogeranylgeraniol, and phytol have been detected by high-pressure liquid chromatography in cell extracts from Rhodopseudomonas sphaeroides and Chromatium vinosum. Bchl a containing phytol is the principal component, and the other three Bchls a comprise about 4% of the total Bchls a in stationaryphase cells of R. sphaeroides and C. vinosum. The high levels of the minor pigments occur in the beginning of Bchl a phytol formation, indicating that they are not degradation products, but intermediates of Bchl a phytol formation.
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There is considerable diversity in the esterifying alcohols of bacteriochlorophylls (Bchls) from photosynthetic bacteria. Bchl a is generally esterified with phytol, except for Bchl a from Rhodospirillum rubrum, which contains geranylgeraniol (GG) (2, 7) . Phytol is also the esterifying alcohol for Bchl b from Rhodopseudomonas viridis (5), whereas Bchl b from the halophilic bacterium Ectothiorhodospira halochloris contains A2,10-phytadienol (16) . Bchl c, d, and e present in green sulfur photosynthetic bacteria contain farnesol as the principal esterifying alcohol (6, 9) .
We have previously reported that three Bchls a esterified with GG, dihydrogeranylgeraniol (DHGG), and tetrahydrogeranylgeraniol (THGG) are present as minor components in addition to Bchl a phytol in Rhodopseudomonas palustris (13) . The occurrence of these components in growing cells is indicative of homblogy to chlorophyll phytol ester formation in higher plants and algae (12, 14, 15) . However, there is no conclusive demonstration of the physiological significance of these pigments or of whether they are intermediates in the synthetic pathway of Bchl a phytol or whether they are degradation products. In the present report, we describe the occurrence of four Bchls a esterified with different C20 alcohols in the ceils of Rhodopseudomonas sphaeroides and Chromatium vinosum and the physiological role of these minor pigments as intermediates in the terminal steps of Bchl a phytol formation.
R. sphaeroides and C. vinosum cells supplied by K. Takamiya of Kyushu University were cultured anaerobically in the miedia described by Cohen-Bazire et al. (4) and by Bose (1) . The cells were harvested by centrifugation and suspended ih a small volume of distilled water. Pigments were extracted three times with acetone-methanol (7:2, vol/vol). Extracts were combined, transferred into diethyl ether, dried under vacuum at a temperature less than 35°C, and finally dissolved in 5 ml of absolute acetone for highpressure liquid chromatography (HPLC) and spectrophotometric analyses. Bchls a were identified and quantified by HPLC by using a Zorbax octadecyl silica column (4.6 by 250 mm) and 100% methanol as the moving phase (13) . Individial Bchl a concentrations were estimated fluorometrically by using a standard curve for Bchl a phytol. The conditions * Corresponding author.
for pigment purification and saponification were described previously (13) . The determination of esterifying alcohols was performed by gas-mass spectroscopic analysis with a Shimadzu GCMS-QP 1000 apparatus. Total content of Bchls a was estimnated spectrophotometrically with a Shimadzu UJV-300 spectrophotometer, using the known extinction coefficients (3). Figure 1 shows the HPLC separation profiles of pigment extracts of R. sphaeroides at three culture stages. Four peaks, 1 to 4, were observed, and these pigments were identified as Bchl a species by their in situ fluorescence emission at 780 nm. Spectral properties and retention times were consistent with their identification as Bchl a GG (peak 1), Bchl a DHGG (peak 2), Bchl a THGG (peak 3), and Bchl a phytol (peak 4) (13). These results were further confirmed by gas-mass spectroscopic analysis of the esterifying alcohol after purification and saponification of the pigments. The results measured at 70 eV showed the presence offour peaks at mlz 296, 294, 292, and 290. These mlz values are in good agreement with the molecular masses of alcohols, phytol, THGG, DHGG, and GG. In addition, mass spectra of alcohol fractions of Bchl a phytol and Bchl a GG corresponded well to those of authentic phytol (Sigma Chemical Co.) and all-trans-GG (Hoffmann-La Roche Inc., gas chromatographically purified). A mass spectrurm obtained from alcohol fraction of Bchl a DHGG also coincided well with that reported by Rudiger et al. (10) (Fig. 2) . Four Bchls a were also detected in the cells of C. vinosum (Table 1) .
The accumulation of Bchl a species in the exponential and stationary phases of R. sphaeroides is presented in Fig. 3 . The formation of Bchl a phytol, the main component, proceeded gradually up to i5 h and then abruptly increased up to 27 h. After reaching a maximal stage at 27 h, the levels of Bchl a phytol began to decrease. The formation of other three Bchls a showed time courses almost similar to that of Bchl a phytol, and these made up about 4% of the total Bchls a in the stationary-phase cells. Thus, Bchl a phytol is the main pigment, in agreement with previous reports (5, 8) (Fig.   1, 3) . Three minor components were also observed at the same level (4%) in the cell extracts of C. vinosum and R. palustris. Gloe and Pfennig (5) with 100%o methanol at a flow rate of 1.5 ml/min at 40°C. Pigments were detected fluorometrically by using the excitation and emission wavelengths at 380 and 780 nm, respectively. Peak 1, Bchl a GG; peak 2, Bchl a DHGG; peak 3, Bchl a THGG; peak 4, Bchl a phytol.
between Bchl a GG and Bchl a phytol which were considered artifacts formed during preparation. To judge by their elution properties, these unidentified components may be Bchl a DHGG and Bchl a THGG. Thus, these minor components usually seem to be present in the classical Bchl a phytol fraction from different bacterial species. The percentage of the three minor Bchls a relative to total Bchls a was calculated from the data of Fig. 3 to elucidate the physiological role of these minor pigments (Fig. 4) of the early log phase than in those in stationary phase. In addition, the high minor component levels correspond to the onset of Bchl a phytol synthesis. These results suggest that the minor Bchls a are not degraded products but are intermediates of Bchl a phytol formation. Bchl a phytol may be formed from the esterification of bacteriochlorophyllide a and GG followed by three hydrogenations of the alcohol moiety, as in the case of chlorophyll phytol formation (12, 14, 15) . Low levels of minor pigments seem to be due to a rapid turnover occurring in the synthesis of Bchl a phytol.
Our suggestion might be further tested by different experimental approaches with pulse-labeling or inhibitors.
As noted above, the esterifying alcohol of Bchl a of Rhodospirillum rubrum is believed to be GG (2, 7). The accumulation of Bchl a GG may be due to the inherent inactivation of the hydrogenation step of the alcohol moiety, resulting in the failure to form Bchl a DHGG. The hydrogenation step is more susceptible than esterification to such treatments as herbicide (10), anaerobiosis (11) , and UV irradiation (Y. Shioi and T. Sasa, Plant Cell Physiol., in press). Thus, all chlorophyll species containing phytol are considered to be formed by esterification of chlorophyllide species with GG, followed by three successive hydrogenations of the alcohol moiety. The possibility of transesterification of chlorophyll GG species with other alcohols cannot be ruled out since the action of chlorophyllase (EC 3.1.1.14) in chlorophyll formation is still unclear.
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